During the first 3 months, infants develop visual evoked potential (VEP) responses that are signatures of cortical orientation-selectivity and directional motion selectivity (Braddick, O. J., Wattam-Bell, J., & Atkinson, J. (1986) . Orientation-specific cortical responses develop in early infancy. Nature, London, 320, 617-619; Wattam-Bell, J. (1991) . Development of motion-specific cortical responses in infancy. Vision Research, 31,[287][288][289][290][291][292][293][294][295][296][297]. This study compared these responses directly in the same infants, to investigate whether the later appearance of direction selectivity was intrinsic, or a function of the spatio-temporal characteristics of the stimuli used. Steady-state orientation-reversal (OR-) VEPs and direction-reversal (DR-) VEPs were recorded in infants aged 4-18 weeks. DR-VEPs were elicited with random pixel patterns and with gratings spatially similar to those used for OR-VEPs, at velocities of 5.5 and 11 deg/s, and reversal rates of 2 and 4 reversals/s. Infants throughout the age range showed significant responses to orientation-reversal. Direction-reversal responses appeared in less than 25% of infants under 7 weeks of age, rising to 80% or more at 11-13 weeks, whether tested with dots or gratings and for both speeds and reversal rates. However, 2 reversals/s elicits the DR-VEP on average about 2 weeks earlier than 4 reversal/s stimulation. We conclude that human cortical direction selectivity develops separately from orientation-selectivity and emerges at a later age, even with tests that are designed to optimise the former.
Introduction
Neurons in primary visual cortex show stimulus selectivity in a number of ways-for example, selective responses to particular values of orientation, direction of motion, and binocular disparity. During the early months of life, human infants begin to show properties of visual processing that indicate the development of these selective cortical responses (Atkinson, 2000; . However, the signatures of the different forms of cortical selectivity do not necessarily emerge at the same time. In particular, the behavioural and neural responses indicative of orientation selectivity (Atkinson, Hood, Wattam-Bell, Anker, & Tricklebank, 1988; Braddick, 1993; Braddick, Wattam-Bell, & Atkinson, 1986; Hood, Atkinson, Braddick, & Wattam-Bell, 1992) , have been detected earlier in infancy than the corresponding responses that reflect cortical processing of motion direction (Wattam-Bell, 1991 , 1994 , 1996a , 1996b . This developmental sequence, if correct, has important implications for understanding how the characteristic connectivity of human visual cortex becomes established, and what visual information is available to infants at the early stages in development of systems for visual perception, object recognition, and spatial cognition.
However, the stimulus parameters used to test these two cortical properties have differed in various ways, and there has not so far been any direct comparison of orientation and motion selectivity in the same individual infants. The work reported here was designed to make such a comparison, and as far as possible to exclude the effects of incidental differences between the stimuli used to test orientation and direction selectivity.
Direction and orientation selectivity are often found together as properties of the same cortical neurons. However, they provide the precursors of what are considered as distinct major processing streams. Responses to oriented contour elements in area V1 provide the earliest kind of shape-selective activity, and so serve as the basis for object-and pattern-selectivity found in extrastriate and temporal-lobe areas of the ventral cortical processing stream (Ungerleider & Mishkin, 1982) . In contrast, directionally selective signals in V1 are routed to V5 (MT) and areas of the dorsal stream that are believed to be responsible for the visual control of spatially directed actions (Glickstein & May, 1982; Milner & Goodale, 1995; Mishkin, Ungerleider, & Macko, 1983) . A secure knowledge of how these properties develop is therefore a necessary underpinning for understanding the broader developmental sequence of ventral and dorsal stream function.
The present study used analogous methods for analysing both forms of selectivity. In each case, a visual evoked potential (VEP) signal was detected, time locked to a reversal of orientation or direction, respectively. In each method, these changes are embedded in a sequence of stimulus transitions, designed to control for spatio-temporal changes which are associated with the orientation or direction change but are not themselves diagnostic of an orientation-or direction-selective response. Both methods have been well-established in previous work with normally developing and at-risk infants (Braddick, 1993; Braddick et al., 1986; Mercuri et al., 1998; Wattam-Bell, 1991) . As previously applied, the methods differ in the spatial characteristics of the display (random pixel patterns for direction, grating patterns for orientation). In this study, we test whether this is a critical difference by testing directionselective responses with gratings similar to those used in orientation-reversal testing. We also examine whether the later onset of direction-selective responses might be a consequence of the temporal frequencies used in the test.
Subjects
Healthy full-term infants aged between 5 and 18 weeks postterm and born within 14 days of their due date were recruited from volunteer families. The subjects showed no strabismus or significant refractive error. A total of 121 infants participated. They were tested with various combinations of conditions in the same session, which serve as the basis for Comparisons 1, 2, and 3 below. Table 1 presents the number of infants participating in each comparison. Data from a session with a particular infant can contribute to more than one of these Comparisons: 21 infants contributed to both Comparisons 1 and 2, and 35 infants contributed to both Comparisons 1 and 3; 10 infants completed only one condition so their results are included in the general analysis of motion responses only (Fig. 7) .
The various comparisons are reported for data divided into five age groups, as shown in Table 1 . A number of infants attended for repeat visits, with an interval of 2 weeks or longer, and provided data that could be included in more than one age group, as described under Ôsub-jectsÕ for each comparison.
Comparison 1: Orientation-vs direction-selective responses

Stimuli
The orientation-reversal stimulus was similar to that used previously by Braddick et al. (1986) and Mercuri et al. (1998) except that the stimuli were high contrast sine wave (rather than square-wave) gratings, of spatial frequency 0.3 c/deg, presented on a computer monitor at a 40 cm viewing distance from the infantÕs eyes. The stimulus sequence consisted of changes in orientation of the grating pattern between 45°and 135°at a rate of 4 reversals/s. These orientation changes will be accompanied by local luminance changes, wherever a dark region in the 45°grating pattern is replaced by a light region in the 135°grating, or vice versa. To isolate orientation-specific responses, the orientation reversals were embedded in a sequence of random phase shifts of the grating, occurring at a rate of 24 per second, the sixth harmonic of the orientation-reversal frequency. The average local luminance change across the pattern when the orientation changes occur will not be statistically different from the average luminance change resulting from the phase shifts. This luminance variation will therefore contribute a signal at 24 Hz, or F6, but not at 4 Hz or any other subharmonic. This 24 Hz signal will be added to responses generated by orientation-sensitive mechanisms at the reversal frequency (4 Hz). This latter signal can be separated by frequency analysis: this frequency, and its harmonics below the sixth, must arise from neural mechanisms that are sensitive to orientation. Any nonlinear interaction between the orientation reversal, and the local contrast or luminance change, could contribute to the 4 Hz response and its harmonics; but this would itself be a signature of an orientation-specific contribution to the response. Thus, the appearance of the F2 (or F4) response is taken as an indictor that the infant cortex includes orientation-sensitive mechanisms.
The direction-reversal stimulus was similar to that used previously by Wattam-Bell (1991) and consisted of a random checkerboard pattern with a pixel size of 0.44°. Motion was produced by displacing the pattern horizontally at a velocity of 5.5 deg/s. The direction of the motion was reversed 4 times per second. At each reversal the random pattern was replaced with a fresh random array. As with the orientation-reversal display, these replacements will lead to local responses that do not depend on direction selectivity, and a similar approach was taken to differentiate directional motion responses from other responses caused by pixel change. This was achieved by introducing a replacement of the random array midway between reversals, as well as when the reversal occurs. The responses to the two events, direction-reversal and pixel replacement, could then be separated by Fourier analysis of the VEP signal Any effects of pixel replacement will appear at a frequency (called F4 below) which is twice the reversal rate. Thus signals at the reversal rate (F2) must be generated by mechanisms which respond differentially to the two directions of motion.
VEP recording
The VEPs were recorded with three gold cup electrodes: one on the vertex, one 1 cm above the inion, and a ground electrode positioned high on the forehead, using an Espion Electrophysiology system (Diagnosys LLC). Impedance was measured with an applied voltage of 1000 Hz and electrodes were adjusted when necessary until a balanced level below 10 KX was achieved. Signals were amplified (20,000·) and band pass filtered between 0.5 and 30 Hz. Once the pattern appeared on the monitor, the infantÕs attention was attracted to the screen by a small noisy toy that could be shaken in front of the screen throughout the recording. The experimenter controlled the averaging process with a hand held switch. Whenever the infantÕs attention shifted from the direction of the screen, the experimenter halted the sampling until attention was redirected toward the stimulus. Any sweeps containing voltage excursions greater than 200 lV from peak to peak were automatically rejected from the averaging as artefact. Sampling continued until 200 sweeps had been recorded. The amplitude and phase of the averaged signal component at the reversal rate (F2, the second harmonic of the sweep frequency) was measured. The presence of a statistically significant VEP signal at this frequency was assessed by the Ôcircular-varianceÕ test (Moore, 1980; Wattam-Bell, 1985) .
For some data sets we have made an explicit comparison of the amplitude of the stimulus-related response at F2 (4 Hz), to the noise level in the signal around this frequency. Noise was calculated by analysing the 200-sweep (100 s) record for frequency components at 0.01 Hz intervals for 1 Hz either side of the stimulus frequency, excluding the 4 Hz stimulus frequency itself. The average noise amplitude for these components was computed.
Each infant was presented with both the orientation and direction-reversal stimuli, in a randomised order. Only infants from whom recordings with both stimuli could be completed are included in the data presented below. Table 1 indicates the numbers tested in each age group. The 115 data records were contributed by 89 individual infants, with 21 of these contributing data to more than one age group. Fig. 1 illustrates the proportion of infants in each age group showing a significant second harmonic (F2) response on the circular variance test for the orientationand direction-reversal stimuli. As expected from previous results, orientation-reversal responses were present in the large majority of infants in each age group, including the youngest (aged 5-7 weeks). In contrast, there was a strong developmental trend in the responses to direction-reversal. Less than 20% of the infants in the 5-7 week group showed a significant F2 signal, and it is not until the 11-13 week group that a majority of infants show evidence of the directional response.
Subjects
Results and discussion
In general, the direction-reversal response has a smaller amplitude than the orientation-reversal response. This could reflect a lower sensitivity of the underlying mechanism, but it might equally well reflect a difference in the number of the underlying neural generators of the potential, or their geometry relative to the recording sites on the scalp. In any case, if the direction-reversal signal is consistently weaker for any reason, it might be present from as early an age as the orientation signal but only become detectable in the noise when the system was overall more mature and producing stronger signals of both kinds. This possibility can be tested by examining the amplitudes of the F2 responses for the two stimuli, and the noise amplitude around this frequency.
Figs. 2A and B plot for each age group the mean amplitude of the F2 signal from orientation-reversal and direction-reversal recordings (including all infantsÕ data irrespective of whether these signals reached statistical significance on the circular-variance test). The ratio of these amplitudes was calculated for the pair of recordings made with each individual infant (irrespective of whether these signals reached statistical significance on the circularvariance test). Regression analysis on these individual ratios indicated that their magnitude of the ratio is a function of age (r = 0.30, F (1, 113) = 11.49, p < 0.001; equation of the regression line is: ratio = 0.046* age + 0.111).
The most meaningful measure, however, is the relation of the signal amplitude to the noise. Figs. 2A and B also include the average noise amplitude calculated for the same test runs. The figures show that the orientation-reversal signal has an amplitude which varies little with age, and is substantially above the noise level throughout. In contrast, the direction-reversal signal is close to the noise level in the youngest group, and increases steadily with age. Noise amplitude is almost constant as a function of age. For each infant, the signal:noise ratio (snr) was calculated for the direction-reversal and for the orientationreversal signal. The ratio of these two snrÕs was then taken for each individual, as an indicator of the balance of direction and orientation responses. Fig. 2C plots the mean ratio of these measures for infants in each age group, showing a substantial overall increase with age.
These results indicate that the improvement in the direction-reversal response with age is not simply the result of a general increase in the magnitude, or signal:noise ratio, of evoked potentials. Rather, with increasing age between 5 and 18 weeks, the direction-reversal response becomes progressively stronger and more reliable relative to the orientation-reversal response, strongly suggesting that the two underlying mechanisms differ in their developmental course.
These results are consistent with the earlier findings from studies in our laboratory that tested the two responses on separate groups. Braddick et al. (1986; Braddick, 1993) found the median age of onset of the orientation-reversal response was around 6 weeks for 8 Hz stimulation and around 3 weeks for 3 Hz stimulation. Wattam-Bell (1991) found that the median age of onset for the direction-reversal response was around 11 weeks, for 4 reversals/s of a 5 deg/s motion. The developmental sequence of orientation sensitivity preceding directional sensitivity has also been found in behavioural studies of the two types of discrimination (see Braddick, 1993, for review) . The finding of the relationship in the same individuals reinforces these earlier results.
Comparison 2: Directional responses to dots and gratings at different velocities
In the tests reported under Comparison 1, as in our previous work, orientation selectivity was tested with grating patterns and directional selectivity with moving arrays of random pixels. The comparison is therefore open to the criticism that pixel patterns with the dimensions used might be generally less effective stimuli than gratings for young infants. To test this point, we have compared infantsÕ directional responses to pixel and grating stimuli. Furthermore, the responses of infants to motion direction are a function of velocity (Wattam-Bell, 1991 , 1992 , 1996a , 1996b . To extend the range over which directional responses might be detected, both grating and pixel stimuli were presented at two different speeds.
Stimuli
Two different direction-reversing stimuli were presented, the random pixel stimulus described for Comparison 1 and a high-contrast vertical sine-wave grating. The spatial frequency of the grating was the same as that used for the orientation-reversal stimulus in Comparison 1 (0.3 cycles/deg). The temporal cycle of 4 reversals/s was identical for both pixel and grating patterns. In the same way as random replacements were introduced at twice the reversal frequency in the pixel pattern, the grating stimuli underwent a random phase shift at the time of each reversal and also midway between reversals, giving a rate of 8 shifts/s. This was designed to ensure that, in both cases, an F2 response would be a specific signature of directional selectivity, while any effect of the phase shift in the grating pattern would appear in the F4 response, as argued above for the pixel replacement in the random pixel pattern.
Each infant was tested with each pattern at the two speeds, 5.5 and 11 deg/s. Thus there were, in total, four stimulus conditions which were presented in a randomised order. Procedures for VEP recording and analysis were the same as described for Comparison 1.
Subjects
Recordings of all four direction-reversal stimuli (pixels and gratings at two speeds) were obtained from 31 infants, with 10 of these infants attending the Visual Development Unit on two occasions, giving a total of 51 recordings for each stimulus. The numbers of recordings from each age group are tabulated in Table 1 ; given the weak directional responses found in the youngest groups as reported in Comparison 1, Comparison 2 concentrated on infants of 9 weeks and older, and the two youngest groups of Table 1 have been merged in the presentation of the data. Fig. 3 shows the percentage of infants with significant F2 responses to each stimulus. In general the infants showed better direction-reversal responses to the random pixel pattern than to the vertical gratings. The responses to the random pixel pattern at slow speed (5.5 deg/s) were similar to those summarised for Comparison 1, with a large majority (80%) of the infants between 11 and 13 weeks showing significant responses, but only about 20% in the 5-9 week group. The faster pixel pattern showed a similar proportion of responses in the 11-13 week group, but somewhat weaker responses in the groups under 11 weeks. This is consistent with earlier findings (Wattam-Bell, 1991 , 1992 , 1996a , 1996b that VEP and behavioural responses are optimal for velocities of 5-7 deg/s when these responses first emerge in development, and that responses to higher velocities emerge later. Fig. 3 shows that the grating pattern also elicited directional responses. However, it was markedly less effective than the pixel pattern at both speeds and at all ages tested. Only 50% of the infants showed responses to the slower grating pattern (5.5 deg/s) at 11-13 weeks, and very few responses to the faster grating pattern (11 deg/s) were observed across the age range. Fig. 4 shows the F2 amplitudes for these four stimuli, as a function of age. A three factor mixed analysis of variance (with pattern type and speed as within-subjects factors, and age group as a between-subjects factor) confirmed that in general there was a significant difference between the age groups (F (3, 47) = 6.76, p < 0.001). Post hoc analysis (Games-Howell) revealed that the responses of the youngest group (5-9 weeks) were significantly smaller than those of the 11-13 week group (p < 0.01) and the 13-18 week group (p = 0.001). The responses to the pixel pattern were larger than those to the gratings (F (1, 47) = 16.34, p < 0.001) and there was a significant interaction between stimulus type and age group (F (3, 47) = 3.91, p < 0.05). Further analysis of each age group separately showed that for the youngest two age groups, the size of the responses to the pixel patterns was not significantly different from that to the gratings. For the two oldest age groups the pixel pattern produced significantly larger F2 responses (11-13 weeks: F (1, 9) = 28.03, p < 0.001; 13-18 weeks: F (1, 19) = 6.08, p < 0.05). There was also a significant effect of speed on the amplitude of the responses (F (1, 47) = 6.06, p < 0.05), with responses to 5.5 deg/s stimuli in general larger than those to the 11 deg/s stimuli. There were no interactions of velocity with either pattern or group, nor a significant threeway interaction of pattern, velocity, and group.
Comparison 3: Effect of frequency on direction-reversal VEPs
Comparison 1 considered VEPs elicited by orientation and direction at the same frequency of reversal events. While in some sense this is the most direct comparison, it may not reflect optimal conditions for the two types of response. The detection of directional motion intrinsically requires the integration of information over time, and so it is quite possible that a lower reversal frequency is required to demonstrate direction selectivity compared to orientation selectivity. infantsÕ VEP responses generally develop for high frequencies later than for low (e.g., for the case of orientation-reversal see Braddick, 1993; Braddick, Atkinson, Wattam-Bell, & Hood, 1989) . To test whether use of a lower frequency would show earlier onset of directionreversal responses, we repeated our test for direction selectivity at half the reversal rate.
Stimuli
The random pixel stimulus was the same as that used in Comparisons 1 and 2. For each infant, comparisons were made between responses to direction-reversal rates of 4 reversals/s (as used in comparisons 1 and 2) and 2 reversals/s. Other parameters such as velocity (5.5 deg/s) were the same for both stimuli. Many of these infants were also tested with the orientation-reversal stimulus for Comparison 1. The order of presentation of the stimuli was randomised across infants.
Subjects
A total of 60 sessions were completed with the two direction-reversal stimuli; Table 1 shows the distribution between age groups. A total of 41 individual infants were tested, 15 of them within more than one of the age groups.
Results
Fig . 5 illustrates the proportion of infants in each age group showing a significant second harmonic (F2) response on the circular variance test for the 2 and 4 Hz stimuli. The results suggest there is some qualitative development in the temporal tuning of the direction-reversal response, such that a higher proportion of infants in the 7-9 week age group showed a significant response to the 2 reversals/s stimuli (5/11 infants) compared to 4 reversals/s (2/11 infants) while the optimal frequency for 11-13 week old infants was 4 reversals/s (15/18 infants with significant F2 responses). Fig. 6 shows the mean amplitude (±SEM) of the F2 component for the two stimuli for each age group. A repeated measures ANOVA revealed there was no difference between the two frequencies for the within-subjects comparison and no interaction between age group and frequency. However, there was a significant difference between groups (F (4, 55) = 5.85, p < 0.001). Post hoc tests (Tukey) revealed that mean amplitude for the two youngest age groups differed significantly from the mean amplitude of the 11-13 week old infants (5-7 weeks, p < 0.001, 7-9 weeks, p < 0.005).
In line with the results reported under Comparison 1, the proportion of infants showing significant F2 responses at both frequencies declined slightly in the 13-18 week old infants but in particular for 2 reversals/s, and Fig. 6 shows that the balance of amplitudes at the two frequencies shifts strongly towards the higher frequency in the oldest age group. This suggests that the age change is not only an increase in the high-frequency response but also a shift in the peak frequency. To check that this genuinely reflects the frequency response of the developing directional mechanism, we examined the noise amplitude around the stimulus frequency in the test runs at 2 and 4 Hz, for this age group, by the same method described above. The noise levels corresponding to the rightmost data points are plotted in Fig. 6 . It is clear that the difference between the 4 and 2 Hz Age (weeks) 5 -7 7 -9 9 -11 11 -13 13 -18 % Infants with significant responses is not a consequence of differential noise at the two frequencies. A similar shift with age towards higher frequencies has been found in the development of the orientation-reversal response ; indeed in the present study 5 of the infants aged over 11 weeks who failed to show an orientation-reversal response at 4 reversals/s (see Fig. 1 ) did show this response when the rate was increased to 8 reversals/s.
In summary, even with the slower reversal rate of 2 reversals/s, direction-reversal responses are not observed in the majority of infants before 8 weeks.
Overall development of direction-reversal responses
The data reported under Comparisons 1, 2, and 3 all include tests of responses to direction-reversing random pixel patterns. To give the fullest picture of the development of these responses, which provide the evidence for cortical direction selectivity, we have aggregated all the test results for these patterns at 5.5 deg/s, including tests at both 2 and 4 reversals per second. In addition to 111 infants whose results have been included in Comparisons 1, 2, and 3, we have also included 10 infants who provided direction-reversal data but did not complete all the tests necessary to contribute to these comparisons. The rightmost column of Table 1 indicates the number of infants who contributed data in each age group. Fig. 7 shows the percentage of infants tested in each age group who showed a statistically significant response at 4 reversals/s, and also the proportion who showed such a response at either 2 or 4 reversals/s, and so showed evidence of cortical processing of motion direction. The latter figure confirms that 50% of infants achieve such processing by 7-9 weeks of age, and climbs to nearly 100% by 13 weeks, although the signals become harder to detect reliably in the oldest of our age groups.
General discussion
Comparisons 2 and 3 indicate that, even when the direction-reversal stimulus is varied in an endeavour to optimise VEPs from the younger infants, there is no evidence for direction-selective responses from the brains of infants under 8 weeks of age. In contrast, our data confirm that an orientation-reversal response can be readily obtained from the great majority of infants aged 5 weeks and older. These differences can be found when the two responses are tested with the same individuals in the same session (Comparison 1).
The data of Figs. 1, 3, 5, and 7 imply that 50% of infants have attained a significant 4 Hz motion-reversal response by the time they reach the 9-11 week group; for the smaller group tested at 2 Hz this median onset may be achieved by the 7-9 week group. These results are very compatible with the median age of onset of between 10 and 11 weeks found at 4 Hz and 5 deg/s in Wattam-BellÕs (1991) study. Behavioural measures have shown a slightly earlier onset: preferential looking responses to a random dot pattern segmented by shearing motion are found from 7 to 8 weeks onwards (Mason, Braddick, & Wattam-Bell, 2003; Wattam-Bell, 1992 , 1996a , 1996b . In various laboratories, infants have been tested with a diverse range of behavioural and VEP measures dependent on motion processing, none of which have provided evidence for directional mechanisms before about 7 weeks of age (see review by Braddick, Atkinson, & Wattam-Bell, 2003) .
One potential limiting factor on the detection of motion responses is the displacement of the pattern during its excursion in one direction. Hamer and Norcia (1994) analysed the minimum grating displacement that elicited VEP responses in young infants and report a limiting value of 167 s arc. In our displays, at 5.5 deg/s velocity and 4 Hz reversal rate, the pattern travels 82 min arc in the 250 ms between reversals, or 41 min arc in the 125 ms between pattern replacements. This latter figure exceeds Hamer and NorciaÕs displacement threshold by a factor of about 15, making it unlikely that displacement is a limiting factor.
The report here that directional responses develop later to higher velocities may appear to be in conflict Age (weeks) 5 -7 7 -9 9 -11 11 -13 13 -21 % infants with significant with behavioural studies investigating the lower threshold of motion in infants (Aslin & Shea, 1990; Bertenthal & Bradley, 1992; Dannemiller & Freedland, 1989; These speeds are all lower than our lower speed of 5.5 deg/s, and so present no discrepancy. Aslin and Shea report a threshold of 9 deg/s at 6 weeks, and 4 deg/s at 12 weeks. The former age is at best borderline for any direction-based discrimination (WattamBell, 1996a (WattamBell, , 1996b ); since the discrimination tested could have been based on a non-directional detection of temporal modulation, it may be doubted whether this threshold is associated with directional motion mechanisms. In general, our data presented here, our earlier behavioural and VEP data, and that of others, are all compatible with the idea that directional selectivity initially emerges for a very limited range of velocities around 5-7 deg/s, and that the range of velocities which can elicit directional responses expands to both higher and lower velocities with age Wattam-Bell, 1996b ). This account of the development of directionality excludes the optokinetic response, which can be driven by directional motion from birth. However, there is much evidence to support the idea that this response, in newborns, involves different mechanisms from either discriminative behaviour or VEPs based on motion direction, and reflects the function of a subcortical pathway Mason et al., 2003) . Thus, the present data should be taken as comparing orientation-selectivity and direction-selectivity as properties of the visual cortical pathway.
NewbornsÕ optokinetic responses show a characteristic monocular asymmetry (Atkinson, 1979; Atkinson & Braddick, 1981; Naegele & Held, 1982) which has been taken as supporting evidence for their subcortical origin. However, similar asymmetries in the VEP produced by infantsÕ monocular viewing of oscillating gratings have been taken as an indicator of cortical directional-selectivity (Norcia et al., 1991) . The relationship between the optokinetic and cortical asymmetries is not well understood (Braddick, 1996; Braddick et al., 2003; Mason, Braddick, Wattam-Bell, & Atkinson, 2001) . Whatever the reason for the cortical direction asymmetry, it can only occur if cortical directional mechanisms exist; however, the work of Birch, Fawcett, and Stager (2000) shows that this asymmetry, unlike the optokinetic asymmetry, is not present in the first weeks of life but is only manifested after about 6 weeks of age. This finding is consistent with the evidence from the present study on the postnatal development of cortical directionality.
There is rather little developmental data on cortical single neurons, with which electrophysiological data from human infants can be compared. The fullest data come from Chino, Smith, Hatta, and Cheng (1997) , who examined a range of receptive field properties in macaque V1 neurons between 0 and 4 weeks of age. Both orientation bandwidth, and an index of direction selectivity, showed increasing selectivity within this age range. These two age functions in their data appear broadly parallel although it is not clear how commensurable are the separate measures that they used to quantify orientation-and direction-selectivity. It has to be recognised, however, that if the rule of thumb can be taken from acuity studies (Teller, 1997 ) that 1 month of human visual development corresponds to 1 week of macaque development, then any asynchrony of direction and orientation development that paralleled our human data would need to be sought within the first 2 weeks in macaque. This is a very brief window for investigation.
Why should the early development of directional selectivity be delayed relative to that for orientation? Several, speculative, possibilities can be suggested. First, while both orientation and directional selectivity depend on the spatial organization of inputs to cortical neurons, direction selectivity requires these inputs to be delivered in the correct temporal sequence. It is plausible that that the very incomplete myelination of the newbornÕs visual pathway (Friede & Hu, 1967 ) prevents precise and consistent timing of the signals arising from a moving stimulus. Second, the directional properties of cortical neurons may depend, to a greater degree than orientation properties, on the long-range horizontal connections which develop more gradually than the local connectivity determining receptive field properties (Lund & Levitt, 1996) . Third, the visual analysis of motion is known to involve the transmission of information to extra-striate areas, notably V5 (MT). It is possible that directional responses, even if they do not directly arise from extra-striate sources, depend on the development of extra-striate connections which are immature during a period in the first two months of life, while orientation selective responses may depend on connectivity within or prior to V1. Further research may allow us to specify more precisely the processes which generate the two VEP signals we have compared in this work, and so understand better the implications of their developmental relationship.
The later onset of directional responses should not be taken as suggesting that infants are slow to use motion information when it becomes available. On the contrary, as we have reviewed infants appear to develop rather sophisticated integrative motion processing within the months following this emergence. However, there is also evidence that the motion performance indicative of global processing in the dorsal stream is a vulnerable aspect of development through childhood (Atkinson et al., 1997 , Atkinson, Braddick, Anker, Curran, & Andrew, 2003 Braddick et al., 2003; Gunn et al., 2002) and the relation of this vulnerability to development in infancy remains to be determined.
